The design and fabrication of bioresorbable polymeric graft substitutes and porous scaffolds for regenerative medicine are challenged by the complexities in structure and composition found in native tissues. The mimicking of complex gradations found in native tissues requires correspondingly complex gradations in bone graft substitutes and tissue engineering scaffolds. Extrusion based processing methods offer significant advantages for the fabrication of scaffolds and polymeric graft substitutes functionally-graded in various directions for porosity, composition as well as distributions of other tissue relevant properties.
Challenges of Regenerative Medicine
The design and fabrication of bioresorbable polymeric graft substitutes and porous scaffolds for regenerative medicine are challenged by the complex structural and compositional gradations found in human tissues [1] [2] [3] [4] [5] [6] and tissue-tissue transitions such as the interfaces between cartilage and bone, ligament and bone, and tendon and bone. For example, it would be desirable for the bone graft substitutes used in the repair of critical sized defects in long bones like femur and tibia to accommodate changes in porosities and moduli along their transverse and axial directions. The mimicking of complex gradations found in native tissues requires correspondingly complex gradations in bone graft substitutes and tissue engineering scaffolds. Generally, efforts to generate graft substitutes and scaffolds which exhibit tailored three-dimensional distributions in composition, structure and properties are constrained by the myriad shortcomings of conventional scaffold fabrication methodologies. Examples of such efforts [1] [2] [3] [4] [5] [6] include the multilayered scaffolds that were fabricated via electrospinning of separate meshes and pressing them under hydraulic pressure, layer-by-layer casting, freeze-drying, phase separation, and rapid prototyping techniques, including fused deposition modeling, 3-D printing, selective laser sintering, and stereo lithography. Among these, the 3-D printing method offers significant promise but is handicapped by the unavailability of the mixing and dispersion capability, and its typical requirement of high temperature processing for some polymers that could be detrimental for biological additives. Thus, additional methods that can process a wide family of polymers and additives (including bioactives) and that would allow the reproducible and industrially-scalable grading of graft substitutes and tissue engineering scaffolds for a wide range of compositions, porosities and mechanical properties are needed.
Extrusion based fabrication methods offer significant advantages for the fabrication of graded scaffolds and polymeric graft substitutes as described in the following. Such methods have been largely overlooked in spite of their advantages for generating graded structures over conventional methods of fabrication.
Processing and Shaping of Polymer Melts and Solution and Polymeric Compounds via Extrusion Methods
Extruders can be of the single or the twin screw extruder type with the twin screw extruders further subdivided into co-rotating (rotation directions of the two screws are similar) or counter-rotating. Twin screw extruders can also be of the fully-intermeshing or nonintermeshing, i.e., tangential types. Twin screw extruders are preferred over the single screw extruders due to their superior mixing capabilities and greater versatility. Extruders allow multiple ingredients to be fed, polymers to be molten, various ingredients to be mixed, air/ gases to be removed and the mixtures to be pressurized to be forced through dies for being shaped into extrudates. The screw elements can have different functionalities, i.e., regular-flighted conveying screws and lenticular elements, i.e., the kneading disks. The kneading disks provide chaotic mixing dynamics as well as generate a dispersive mixing capability, to enable the break-up of particle agglomerates, i.e., a capability not found in conventional scaffold fabrication methods [7, 8] . A die is attached to the exit of the extruder to generate the desired shape. Instead of a die an electrospinning head can also be utilized. To generate porosity either porogens like dissolvable polymers or salts or foaming methods based on chemical and physical blowing agents, including supercritical fluid technologies [9] , can be utilized.
The extrusion process can provide functionally graded extrudates to serve as graded scaffolds or polymeric implants simply via timedependent changes in the operating conditions and feed rates during the process. Rendering the input rates and process conditions cyclic gives rise to corresponding cyclic changes in the composition, porosity and physical properties either as a function of the axial or the transverse to flow direction or as functions of both axial and transverse to flow directions.
Extrusion Methods for Generating Functionally Graded Polymeric Implants and Scaffolds
Various extrusion based fabrication methods have been demonstrated for the manufacture of graded extrudates [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The principal methods are:
Extrusion using co-extrusion dies [10] [11] [12] [13] [14] Hybrid extrusion and spiral winding method [15, 16] Hybrid twin screw extrusion and electrospinning method [17] [18] [19] [20] All three methods are amenable to industrial scale-up and generate scaffolds which are reproducible in geometry and properties. All three methods can be used with and without solvents (dry versus wet extrusion methods). All three were applied in the area of interface tissue engineering, targeting regenerative medicine for bone and cartilage repair and regeneration [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . They possess the ability to introduce various ingredients of the formulation/s in a time-dependent fashion into the extruder for the manufacture of spatially (radially and axially) graded, i.e., "functionally-graded" scaffolds [14, 16, 18, 20] . The availability of such graded scaffolds has allowed the control of the spatial distributions of bioactives, porosity, pore sizes, mechanical properties. Typically various bioresorbable polymeric resins, including poly (glycolic acid) (PGA), poly (lactic acid) (PLA), and poly (caprolactone) (PCL), were compounded in the extruder with one or more porogens, i.e., generally dissolvable salts and polymers, or with physical (typically supercritical CO 2 ) or chemical blowing agents to induce porosity with interconnected pores. Various bioactives including nanoparticles, drugs, and proteins could also be incorporated. Mathematical models of the extrusion processes are very useful to determine the geometry and conditions necessary to give rise to the desired grading of the polymeric implant and scaffold [21] [22] [23] .
In the co-extrusion process a co-extrusion die was used to fabricate extrudates with multiple layers and cage/core structures, i.e., polymeric bone graft substitutes, to address the challenge of the repair and regeneration of bone defects [10] [11] [12] [13] [14] . The extrudates were both radially and axially-graded to generate multi-zonal bone graft substitutes fabricated from poly(caprolactone), PCL, and PCL bio-composites with osteoconductive particles, i.e., hydroxyapatite, HA, and β-tricalcium phosphate, TCP. Such graft substitutes would provide a greater degree of freedom to the orthopedic surgeon especially for repair of critically-sized bone defects. The modulus of the graft substitute could be tailored in the axial direction upon the systematic variation of the HA/TCP concentration while in the radial direction the bone graft substitute consisted of an outer layer with high stiffness, encapsulating a softer core with greater porosity. The bone graft substitutes were shown to be biocompatible via in vitro culturing of human bone marrow-derived stromal cells, BMSCs, followed by the analysis of cell proliferation and differentiation [14] . The characterization of the tissue constructs included the enzymatic alkaline phosphates (ALP) activity, µ-CT imaging and PCR analysis involving the expressions of bone-related markers, i.e. Runx2, ALP, collagen type I, osteopontin and osteocalcin, overall demonstrating the differentiation of BMSCs via osteogenic lineage and formation of mineralized bone tissue [14] .
The twin screw extrusion and spiral winding, TSESW, process consists of the integration of the twin screw extrusion process with a modified filament winding method (designated here as ''spiral winding'') [15, 16] . The extrudate emerging from the die is wound around a mandrel that concomitantly rotates and translates sideways creating a helical and spiral trajectory for the fabrication of cylindrical extrudates [15, 16] . Scaffolds with a wide range of sizes and thicknesses, and radial and axial distributions of pore size and porosity could be developed primarily addressing relatively large critical bone defects [16] . In one application annular scaffolds were fabricated from PCL incorporated with nanoparticles of β-TCP and the extrudates were functionally graded in terms of pore size and composition. The ability to change the porosity, pore size, and β-TCP nanoparticle concentration in each layer enabled the investigation of the effects of introducing porosity, pore size, and composition distributions on compressive properties. Various proteins could be incorporated into the scaffolds without denaturing [15] . Using human fetal osteoblast cells it was demonstrated that the resulting functionally graded scaffolds are biocompatible with favorable cell adhesion, penetration, and differentiation [15, 16] .
The third method, i.e., the integration of the extrusion process with electrospinning, provides nanofibrous meshes [17] [18] [19] [20] which can be incorporated with various types of bioactives to target the generation of especially interface tissues, for example the bone and cartilage interface [19, 20] . A demonstration using PCL involved altering the concentration distributions of two bioactive agents concomitantly (one increasing, whereas the other decreasing monotonically) in between the two sides of a nanofibrous scaffold, i.e., the gradients of insulin, a stimulator of chondrogenic differentiation, and β-glycerophosphate (β-GP), for mineralization [20] . The graded mesh was seeded with human adipose-derived stromal cells and cultured over eight weeks. The resulting tissue constructs revealed selective differentiation of the stromal cells toward chondrogenic lineage and mineralization as functions of position resulting from the corresponding concentrations of insulin and β-GP. Chondrogenic differentiation of the stem cells increased at insulin-rich locations and mineralization increased at β-GP-rich locations [20] .
Combinations of such extrusion based methods are also possible. For example, the electrospinning process can be married to the spiral winding process for the fabrication of multi-featured scaffolds which consist of spiral wound shells surrounding electrospun cores [24] . Such a combination was shown to be suitable for fabricating multiscale scaffolds for achieving vascularized osteon-like structures [24] .
In summary extrusion-based processing methods present versatile technologies that are capable of creating complex gradations in graft substitutes and tissue engineering scaffolds. They should be considered for utilization as either stand-alone or as complementary technologies in various demanding tissue engineering applications.
